We investigated the carrier-envelope phase (CEP) stability of a hollow-fiber setup used for highenergy, few-cycle pulse generation. Saturation of the output pulse energy is observed at 0.6 mJ for a 260 µm inner-diameter, 1 m long fiber, statically filled with neon, with the pressure adjusted to achieve an output spectrum capable of supporting sub-4 fs pulses. The maximum output pulse energy can be increased to 0.8 mJ by using either differential pumping, or circularly polarized input pulses. We observe the onset of an ionization-induced CEP instability, which does not increase beyond an input pulse energy of 1.25 mJ due to losses in the fiber caused by ionization. There is no significant difference in the CEP stability with differential pumping compared to static-fill, demonstrating that gas flow in differentially pumped fibers does not degrade the CEP stabilization.
High-energy, few-cycle pulses can be generated with millijoule-level, 20-30 fs pulses from a Ti:sapphire chirped pulse amplifier (CPA) using hollow-fiber pulse compression [1] . Pulses as short as 3.5 fs, with 0.2 mJ energy [2] , and pulses with up to 5 mJ of energy in somewhat longer pulses of 5 fs duration [3] , have been generated using this technique. For a typical fiber innerdiameter of 250 µm, there is a trade-off between spectral broadening and energy transmission because ionization and self-focusing become increasingly important issues when the input pulse energy exceeds ∼ 1 mJ. To combine a high throughput with a large broadening factor, differential pumping (DP) [4, 5] or circularly polarized (CP) input pulses [6] , can be used to mitigate the impact of these unwanted nonlinear effects. The continuing development of hollow-fiber technology towards single-cycle pulses with > 1 mJ energy is particularly important for relativistic laser-matter studies [7] , and for the generation of more intense attosecond pulses. While larger diameter fibers are also a promising route to higher energy few-cycle pulses [3, 8, 9] , the looser focusing conditions demand a significantly increased laboratory space for the apparatus in order to minimize nonlinear effects in the entrance and exit windows.
Although stabilization of the carrier-envelope phase (CEP) is crucial to many experiments requiring few-cycle pulses with higher energies, the effect that energy scaling of hollow-fiber pulse compression has on the CEP stability of the output pulses is yet to be investigated systematically. Through self-phase modulation (SPM), the main spectral broadening process occurring in the fiber, pulse energy fluctuations induce a CEP instability * Corresponding author: william.okell09@imperial.ac.uk in the output pulses [10] . At high input pulse energies, ionization within the fiber becomes significant and will also contribute to the CEP fluctuations. Furthermore, the possibility of an additional instability caused by gas flow in differentially pumped fibers has not yet been explored.
In this Letter, we examine the energy scaling of the hollow-fiber compression technique in three commonly used modes of operation: statically-filled using linearly polarized pulses (SFLP); differentially pumped using linearly polarized pulses (DPLP); and statically-filled using CP pulses (SFCP). We also investigate the CEP stability of the fiber as a function of the input energy.
In our experiment, 28 fs pulses with up to 2.5 mJ energy at a 1 kHz repetition rate are generated by a commercial CPA system (Femtolasers GmbH, Femtopower HE CEP). The CPA is CEP stabilized using a photonic crystal fiber based f-to-2f interferometer for fastloop locking. The amplified pulses were delivered to a 260 µm inner-diameter, 1 m long fiber filled with neon. The experimental setup is shown in Fig. 1 . To statically fill the fiber, both the entrance and exit tubes are filled with neon. Differential pumping is achieved by evacuating the entrance tube, which is typically held at ∼ 10 −1 mbar when the exit tube is filled with 3 bar of neon. An f = 1.5 m focusing mirror couples the beam into the fiber, and the output beam is recollimated using an f = 87.5 cm mirror. The spectrally broadened pulses are compressed using 10 reflections from doubleangle technology chirped-mirrors (UltraFast Innovations GmbH), and through fine-tuning of the group delay dispersion (GDD) with fused silica wedges. The pulse can be converted to circular polarization for propagation through the fiber by introducing a quarter-wave plate into the beam. A broadband achromatic quarter-wave plate (Femtolasers GmbH, OA229) converts the pulses arXiv:1308.2117v1 [physics.optics] 9 Aug 2013 back to linear polarization after the fiber. The beam reflected from the front-face of the wedges enters an f-to-2f interferometer, which is used to measure the CEP stability after the fiber. Since the spectrum from the hollow-fiber spans more than an octave, no additional spectral broadening is required within the interferometer. The pulses are focused into a beta-barium borate (BBO) crystal to double the long wavelength part of the spectrum. A polarizing beamsplitter cube enables interference of the overlapping regions of the second harmonic and fundamental spectra around 520 nm. Feedback is achieved by applying a DC-offset to the fast-loop locking electronics.
The input pulse energy was varied using a half-wave plate and polarizer before the compressor in the CPA, while the neon pressure was adjusted to maintain a spectrum with a sub-4 fs Fourier transform limit (FTL) at the output of the fiber. The output pulse energy is shown as a function of the input pulse energy in Figure 2 (a) . Below an input pulse energy of 0.6 mJ, the energy transmission for all configurations is close to the vacuum transmission at low energy (68 %). At input pulse energies above 1.5 mJ, the output energy for SFLP saturates at 0.6 mJ. Both SFCP and DPLP permit significantly higher output pulse energies of up to 0.8 mJ, but also show deviation from the vacuum transmission at high input pulse energies, and appear to be approaching saturation. Figure  2 (b) shows the experimental and theoretical neon pressure in the exit tube as a function of the input pulse energy. The theoretical curves were calculated using the broadening factor defined in [11] , which leads to a gas pressure given by
where c is the speed of light in a vacuum, A eff ≈ 0.48πa is the effective area of the fiber of inner-radius a, κ 2 = 7.4 × 10 −25 m 2 W −1 bar −1 is the neon nonlinear coefficient per unit pressure [12] , ω 0 is the laser central frequency, F = ∆ω/∆ω 0 is the broadening factor, ∆ω 0 and ∆ω are the initial and final bandwidths, respectively, and P 0 is the laser peak power. The effective fiber lengths, L eff , for SFLP, SFCP and DPLP are
respectively, where L is the fiber length and α is the mode attentuation constant defined in [11] . For our experimental parameters, L The saturation of the output energy is an indication that physical processes other than SPM start to play a significant role. Therefore we investigate the CEP stability as a function of input energy. A plasma with a free electron density ρ e will induce a CEP shift of ϕ ≈ e 2 ρ e z/m e 0 cω 0 over a distance z, where ω 0 is the laser central frequency, c is the speed of light, 0 is the permittivity of free-space, and e and m e are the electronic charge and mass, respectively. Modern CPA laser systems typically have output pulse energy fluctuations 
where I 0 is the peak intensity of the laser pulse, δI 0 is a small change in the pulse peak intensity, and p is the gas pressure. Pulse energy fluctuations can also induce a CEP instability associated with SPM, through the mechanism described in [10] . In order to model the CEP fluctuations induced by the fiber, we have simulated our experiments using a coupled-mode, split-step technique incorporating modal dispersion and loss, the Kerr effect including self-steepening, and ionization. The ionization rate was calculated using the Ammosov, Delone and Krainov theory [13] . The initial conditions were the experimentally measured laser temporal profile, and a Gaussian spatial profile with an optimal 1/e 2 diameter of 0.64×260 µm. The gas pressure was varied with input energy in order to maintain a constant broadening factor, as prescribed by Equation 1. The input pulses were assumed to have 1 % energy fluctuations and ∼ 150 mrad CEP fluctuations, which is the typical performance of our laser system. Our simulations were performed for DPLP, where in-coupling effects due to ionization and self-focusing of the beam can be neglected due to the low gas pressure (< 10 −1 mbar). Figure 3 shows the standard deviation of the CEP measured after the fiber using DPLP and SFLP. The overall trend for both DPLP and SFLP is a degradation in the CEP stability as the input pulse energy is increased, suggesting the onset of an ionization-induced CEP instability. The results of the simulation are also shown in Figure 3 , and show excellent agreement with the experimental data. The simulation confirms that the decrease in the CEP stability as the input energy is increased from 0.5 mJ to 1.25 mJ is a consequence of ionization in the fiber. Above 1.25 mJ, further degradation in the CEP stability is prevented by energy losses caused by ionization. Without direct ionization losses (which include the acceleration of ionized electrons), this rolloff remains present, and can therefore be attributed to ionization defocusing causing energy losses by coupling energy into higher order modes of the fiber.
The experimental results show no significant difference in the CEP stability using DPLP compared to SFLP, demonstrating for the first time that gas flow in differentially pumped fibers does not degrade the CEP stability. However, in a DP fiber, the highest gas density is at the fiber exit. At the exit, mode attenuation will have decreased the peak intensity of the pulse. Since the ionization-induced CEP instability is linear with pressure, but extremely nonlinear with intensity, one might expect a CEP stability improvement when using DPLP compared to SFLP, in parameter regimes where the ionization-induced CEP instabilities are not prevented by propagation losses. For CEP sensitive experiments in day-to-day operation we avoid operating the fiber at the maximum of CEP fluctuations. Using e.g. ∼ 1 mJ input pulse energy and DPLP, we can achieve excellent long term CEP stabil-ity after the fiber, as shown in Figure 4 . The residual CEP fluctuations have a standard deviation of 206 mrad, again confirming that the CEP stability of differentially pumped fibers is sufficient for attosecond experiments. Indeed, the full characterization of these pulses in Figure  4 (c) was achieved through attosecond streaking, which requires excellent CEP stability. Attosecond streaking using the few-cycle infrared (IR) pulses and isolated attosecond extreme ultraviolet (XUV) pulses was performed in a neon gas jet, using the setup described in detail in [14] . The 0.4 mJ compressed pulses have a duration of 3.5 fs, and were fully characterized using the vector potential retrieved from the FROG-CRAB trace, as described in [15] .
In conclusion, we have demonstrated that the output pulse energy from a 260 µm inner-diameter hollowfiber saturates at 0.6 mJ with the fiber statically filled with neon, and that the output pulse energy can be increased to 0.8 mJ by using either differential pumping, or CP pulses. We observe an overall degradation in the CEP stability as the input pulse energy is increased, which is the consequence of increased ionization within the fiber. For our experimental parameters, ionization losses prevent further degradation of the CEP stability above 1.25 mJ input pulse energies. However, this instability should be carefully considered when scaling hollowfiber pulse compression to multi-millijoule energies. If the peak intensity is held constant by increasing the fiber inner diameter, the highly-nonlinear scaling of tunnel ionization with intensity can be avoided. Finally, we have presented the first direct evidence that the CEP stability performance of differentially pumped fibers can be equivalent to that of statically filled fibers. We have generated 0.4 mJ, 3.5 fs pulses with a CEP stability of ∼ 200 mrad over > 2 h using a differentially pumped fiber, showing that the long term CEP stability of differentially pumped fibers is sufficient for attosecond experiments. We expect this work to aid the design of multi-millijoule hollow fiber systems where CEP stability is required.
